Identification of mutations conferring 5-azacytidine resistance in bacteriophage Qβ  by Arribas, María et al.
Virology 417 (2011) 343–352
Contents lists available at ScienceDirect
Virology
j ourna l homepage: www.e lsev ie r.com/ locate /yv i roIdentiﬁcation of mutations conferring 5-azacytidine resistance in bacteriophage Qβ
María Arribas, Laura Cabanillas, Ester Lázaro ⁎
Centro de Astrobiología (INTA-CSIC), Ctra de Ajalvir Km 4, 28850 Torrejón de Ardoz, Madrid, Spain⁎ Corresponding author.
E-mail address: lazarolm@inta.es (E. Lázaro).
0042-6822/$ – see front matter © 2011 Elsevier Inc. Al
doi:10.1016/j.virol.2011.06.016a b s t r a c ta r t i c l e i n f oArticle history:
Received 28 March 2011
Accepted 17 June 2011
Available online 14 July 2011
Keywords:
Quasispecies
Mutagenesis
Virus adaptation
Error catastrophe
Bacteriophage QβRNA virus replication takes place at a very high error rate, and additional increases in this parameter can
produce the extinction of virus infectivity. Nevertheless, RNA viruses can adapt to conditions of increased
mutagenesis, which demonstrates that selection of beneﬁcial mutations is also possible at higher-than-
standard error rates. In this study we have analysed the evolutionary behaviour of bacteriophage Qβ
populations when replication proceeds in the presence of the mutagenic nucleoside analogue 5-azacytidine
(AZC). We have obtained a virus population with reduced capacity to accumulate mutations in the presence of
AZC and able to avoid extinction under conditions that are lethal for the wild type virus. Adapted populations
ﬁx a substitution in the readthrough protein gene and incorporate several mutations in the replicase gene
that, despite having selective value, remain polymorphic after a large number of transfers in the presence of
AZC.l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
RNA viruses, together with viroids, are the biological entities that
replicate their genomes with the highest error rates found in Nature,
in the order of 10− 4 to 10− 6 errors per nucleotide and round of copy
(Drake and Holland, 1999; Gago et al., 2009; Sanjuán et al., 2010). As a
consequence, they give rise to highly heterogeneous populations that
are referred to as quasispecies by analogy to the molecular
quasispecies previously deﬁned to describe the mutant distributions
attained by theoretical replicator populations at mutation-selection
equilibrium (Biebricher and Eigen, 2006; Domingo et al., 2006; Eigen,
1971). Although replication at high error rate results in a remarkable
ability to adapt to most changes in the selective pressures, it also has
negative consequences, as it makes RNA viruses highly susceptible to
additional increases in the capacity to generate errors (Holland et al.,
1990; Holmes, 2003). Quasispecies theory, when applied to simple
replicators, predicts the existence of an error threshold above which
the mutational pressure cannot be counteracted by the action of
selection (Biebricher and Eigen, 2005; Eigen and Schuster, 1979; Feng
et al., 2007; Nowak and Schuster, 1989). Crossing the error threshold
implies a transition from a population organised as a quasispecies to a
cloud of mutants unable to maintain the genetic information. This
hypothesis, known as error catastrophe, has been the inspiration of a
new antiviral strategy referred to as lethal mutagenesis, which
consists in the treatment of viral infections through the artiﬁcial
increase of the error rate, mainly by the use of mutagenic nucleoside
analogues (Eigen, 2002; Loeb et al., 1999). Despite the frequentextinctions observed in RNA virus populations subjected to increased
mutagenesis (Anderson et al., 2004; Crotty et al., 2001; Domingo,
2005; Graci et al., 2008; Sierra et al., 2000), the molecular basis
underlying the phenomenon are not well understood. Among the
factors contributing to the extinction are the fact that most mutations
produce reductions in ﬁtness that can be strong enough to lead to a
non-self-sustaining population (Bull et al., 2007), and the interfering
effect of the large number of defective viruses generated at increased
error rate (Grande-Pérez et al., 2005; Iranzo and Manrubia, 2009;
Perales et al., 2007).
In the last years, the selectionofmutagen-resistantmutants has been
reported, demonstrating that adaptation to conditions of increased
mutagenesis is also possible. Among the adaptive strategies identiﬁed
are the selection ofmutantswith increasedﬁdelity polymerases (Levi et
al., 2010; Pfeiffer andKirkegaard, 2003), orwith anenhanced capacity to
discriminate between the correct nucleotide and the mutagenic
analogue (Arias et al., 2008; Sierra et al., 2007). Recently, a new
mechanismbased on themodulation of the type ofmutations produced
in the presence of ribavirin has been identiﬁed as responsible for the
resistance to high concentrations of this mutagen in foot-and-mouth
disease virus (Agudo et al., 2010). The fact that high ﬁdelitymutants can
be obtained quite easily, by single amino acid substitutions in their
polymerases, raises the question of why RNA viruses have not selected
thesemutants along evolution. The ﬁndings showing that a high ﬁdelity
mutant of poliovirus has reduced ﬁtness and virulence in mice (Pfeiffer
and Kirkegaard, 2005a), and presents an attenuated phenotype with
loss of neurotropism (Vignuzzi et al., 2006), suggest that the high
genetic diversity contained in RNA virus quasispecies is essential for
adaptation and has been favoured by natural selection.
The current study is focused on the characteristics of RNA virus
populations evolved at increased error rate for a large number of
344 M. Arribas et al. / Virology 417 (2011) 343–352generations, using as experimental system the bacteriophage Qβ
replicating through serial transfers in the presence of the mutagen 5-
azacytidine (AZC). This virushas a small sizegenome(4217nucleotides),
encoding only 4 proteins (vanDuin, 2006). Overlappingwith theprotein
coding domains, the genome also contains cis-acting elements that
participate in processes such as RNA replication, control of protein
synthesis, protein binding, separation of the plus andminus strands, and
assembly ofmature phage particles (Klovins et al., 1998; Klovins and van
Duin, 1999; Mills et al., 1990). This high density of genomic information
causes that even small increases in the mutation rate could have
profound consequences in the structure and viability of populations,
making of bacteriophage Qβ a suitable system to study evolution under
mutagenic conditions. To increase the virus error rate we have used the
mutagen AZC, which in a previous work showed its capacity to increase
the mutation frequency in bacteriophage Qβ populations, and to
extinguish the virus infectivity without dramatically affecting the
viability of the bacterial host (Cases-González et al., 2008). In the current
study we have increased the population size to promote the appearance
of beneﬁcial mutations and have reduced the AZC concentration at early
passages to facilitate the selection of possible adaptive mechanisms. We
have obtained virus populations with reduced capacity to accumulate
mutations in the presence of AZC and able to avoid extinction under
conditions that are lethal for the wild type virus. The determination of
the consensus sequenceof the populations obtained at differentpoints of
the transfer series shows that substitution A1746U (in the readthrough
protein gene, not involved in replication) is the ﬁrst mutation linked to
the presence of AZC that appears and the only one that reaches ﬁxation.
Several additional mutations located in the replicase gene are generated
at later passages. Despite the clear selective value of these mutations in
the presence of AZC, they do not become ﬁxed and coexist at variable
frequencies in the population. Possible explanations for the difﬁculties to
ﬁx beneﬁcial mutations at increased error rate are discussed.
Results
Selection of a bacteriophage Qβ population with decreased sensitivity to
AZC
In a previous work we showed that populations of bacteriophage
Qβ subjected to serial transfers in the presence of 80 or 120 μg/ml of
AZC were extinguished after a short number of transfers (4 in the
presence of 120 μg/ml AZC, and 8 in the presence of 80 μg/ml AZC)
(Cases-González et al., 2008). In the same work we also demonstrated
that those AZC concentrations had an almost negligible effect on the
viability of the E. coli strain used. With the aim of favouring the
sustained replication of bacteriophage Qβ in the presence of AZC, in
the current study we have performed a new transfer series in which
the AZC concentration has been gradually increased (from 10 μg/ml at10 transfers
20 µg/ml AZC
Qβ-AZC(t20)
20 transfers
10 µg/ml AZC 
Qβ-AZC(t50)
10 transfers10 transfers
50 µg/ml AZC 60 µg/ml AZC
Qβ0
Qβ0
70 transfers
0 µg/ml AZC
Fig. 1. Scheme showing the serial transfers experienced by bacteriophage Qβ. Population Qβ
series, in the presence of increased AZC concentrations as indicated, and one control series
indicate whether they had been exposed to increased mutagenesis or not. The number of ttransfer number1 to 80 μg/ml at transfer number 60, seepopulationQβ-
AZC in Fig. 1). To generate a broader mutant spectrum that could favour
the action of selection we initiated the ﬁrst transfer of this series with a
larger virus population size (109pfu) and increased 10 times the volume
of the experiment compared to the one described in Cases-González et
al. (2008) (see the second section of Materials and methods). We also
transferred a population in the absence of AZC as a control lacking the
selective pressure of the mutagen (population Qβ–control, see Fig. 1).
Although we performed only one full transfer series in each condition
(presenceandabsence of AZC),we isolated viruspopulations atdifferent
points (see Fig. 1). Those populations were thoroughly characterised
with the aim of analysing the evolutionary process in depth. Determi-
nation of the virus titres every 10 transfers showed that under these
conditions thevirus evolved in thepresenceofAZCwasnot extinguished
(Fig. 2A), although the virus titres were always lower than in the control
series carried out in the absence of AZC.
To evaluate whether the decrease in the virus titres observed in
bacteriophage Qβ populations transferred in the presence of AZC was
due to a reduction in the replicative ability of the individual viruses
composing the mutant spectrum, we plated populations Qβ–control
(t20), Qβ–control(t70), Qβ–AZC(t20), Qβ–AZC(t40), Qβ–AZC(t60),
and Qβ–AZC(t70) in the absence of AZC, and isolated lytic plaques
that were titrated to estimate the replicative ability of the founder
viruses (Fig. 2B). We observed signiﬁcantly lower titres in the plaques
isolated from populations evolved in the presence of AZC than in the
plaques originated from populations Qβ–control(t20) or Qβ–control
(t70), not exposed to AZC (pb0.001, when comparing in a Student's t
test the average plaque titre obtained for any of the populations
exposed to AZC with those obtained for the control populations). We
also observed a negative trend in the logarithm of the average plaque
titres as a function of the number of transfers experienced in the
presence of AZC (p=0.009, regression analysis). The determination of
the virus yield in conditions that allow for only one replication cycle of
the virus (see Materials and methods) also showed that viruses
contained in lytic plaques isolated from the population Qβ–AZC(t70)
render lower titres (mean=6.0×104pfu±3.7×104, n=5 lytic
plaques) than the viruses isolated from the population Qβ–control
(t70) (mean=5.2×106pfu±1.9×106, n=5 lytic plaques). The
difference is signiﬁcant (pb0.01, Student's t test for the difference of
means), supporting that viruses isolated from populations exposed to
AZC experience reductions in their replicative ability.
To evaluate the sensitivity to AZC of the populations obtained at
different points of the transfer series, we determined their capacity to
produce progeny in the absence and in the presence of a high AZC
concentration (80 μg/ml). The ratio between the virus titres obtained
in both conditions was used as a measure of the sensitivity to AZC of
each population. The results obtained (Fig. 3A) showed that
populations Qβ–AZC(t60) and Qβ–AZC(t70), which had evolved 
Qβ-AZC(t30)
10 transfers
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0 (see Materials and methods) was used to initiate two parallel transfer series: One AZC
, in the absence of AZC. Populations obtained were named Qβ–AZC or Qβ–control to
ransfers experienced at different points of the process is indicated in brackets.
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Fig. 2. Virus titres of bacteriophage Qβ populations and clones. (A) Populations isolated
at different points of the transfer series carried out in the presence of AZC (white bars)
or in its absence (grey bars). The origin of the populations is shown in Fig. 1. Titrations
were carried out in duplicate, and the error bars represent the standard error of the
mean for the plaque assay. (B) Average titres of lytic plaques isolated from the indicated
populations. The number of plaques were 20 for Qβ–control(t20), 10 for Qβ–control
(t70) 6 for Qβ–AZC(t20), 7 for Qβ–AZC(t40), 12 for Qβ–AZC(t60), and 8 for Qβ–AZC
(t70). The error bars represent the standard deviation of the average titres obtained for
each population. It can be considered as a measure of the heterogeneity of the
replicative abilities of the viruses composing the populations analysed. Titrations were
performed in duplicate and presented a standard error lower than 10%.
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Fig. 3. Sensitivity of bacteriophage Qβ populations to AZC. (A) Virus titres obtained in a
single transfer with a large virus population size. The experiment was performed in
triplicate by infecting 10 ml cultures of E. coli containing ~109 bacteria in exponential
phase with 108pfu of the phage populations indicated in the ﬁgure, either in the
presence of 80 μg/ml of AZC (white bars) or in its absence (grey bars). Virus
supernatants were titrated in duplicate to determine the phage yield under both
conditions. (B) Virus titres at passage number 10 of bacteriophage Qβ populations
transferred in the presence of AZC under conditions that cause the extinction of the
wild type virus. Transfers were performed as described inMaterials andmethods and in
Cases-González et al. (2008). Two replicates (1 and 2) were assayed for each sample. In
the cases where no lytic plaques were produced at transfer number 10, the infectivity of
the virus at previous transfers was also checked to determine the transfer number at
which extinction occurred (indicated with arrows in the ﬁgure). In all cases virus titres
in the absence of AZC were around 1011pfu/ml (data not shown). Titrations were
carried out in duplicate and the standard error was always lower than 10%.
Table 1
Nucleotide substitutions in the consensus sequence of bacteriophage Qβ populations.
Population Nucleotide position
1520 1746 1773 2187 2982 3945 3989
Qβ0 U A G A A G U
Qβ–control(t70) U A A C A G U
Qβ–AZC(t20) U A G A A G U
Qβ–AZC(t30) U A+U G C A G U
Qβ–AZC(t40) U U G C A G+A U+C
Qβ–AZC(t50) U+C U G C G+A G+A U+C
Qβ–AZC(t60) U+C U G C G+A G+A U+C
Qβ–AZC(t70) U+C U G C G+A G+A U+C
The region sequenced comprises fromnucleotide190 tonucleotide4180,which coversmost
of the lysis protein gene and the whole coat, readthough and replicase protein genes. The
presenceof twonucleotides indicates thepresenceof twobands in the sequencingpatternat
the indicated position. Mutated positions are shown in bold characters. Populations are
described in Fig. 1, and nucleotide sequencing is detailed in Materials and methods.
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lower sensitivity to this compound than populations Qβ0 and Qβ–
control(t60), which had never been exposed to it.
We also tested whether populations Qβ–AZC(t60) and Qβ–AZC
(t70) can maintain infectivity when they are transferred in the
presence of 80 μg/ml of AZC, using the transmission regime previously
reported to cause bacteriophage Qβ extinction (see Materials and
methods and Cases-González et al., 2008). Our results showed that
whereas the populations Qβ0 and Qβ–control(t70) were extin-
guished at transfer numbers 6 and 5 respectively, populations Qβ–
AZC(t60) and Qβ–AZC(t70) still maintain high titres at transfer
number 10 (Fig. 3B). In contrast to this result, the virus titres obtained
at transfer number 10 in the absence of AZC were similar for all
populations (around 1011pfu/ml, data not shown).
The consensus sequence of the populations evolved in the presence of AZC
shows the ﬁxation of amutation and the presence of several polymorphisms
In a ﬁrst approach to identify the mutations responsible for the
decreased sensitivity to AZC in bacteriophage Qβ, we determined the
consensus sequences of the Qβ–AZC populations obtained at different
points of the transfer series and compared them with the consensus
sequences of the control populations evolved in the absence of AZC
(Table 1). Substitution A2187C (Ser281Arg in the readthrough protein)
is present in the consensus sequences of both populations control and
AZC-exposed, and, hence, is candidate tohave a general beneﬁcial effect.
In contrast to this, substitution G1773A (Gly143Arg in the readthroughprotein) appears only in the population evolved in the absence of AZC,
and there are also several substitutions exclusive of populations evolved
in the presence of AZC. These are the non-synonymous substitutions
Table 2
Mutation frequencies determined with biological clones from the indicated bacterio-
phage Qβ populations.
Populationa Total nt
sequencedb
Mutation frequencyc
Minimum Maximum
Qβ0 17,780 (7) 2.5×10−4 2.5×10−4
Qβ–control(t60) 17,780 (7) 3.0×10−4 4.2×10−4
Qβ–AZC(t20) 12,700 (5) 1.8×10−3 2.0×10−3
Qβ–AZC(t30) 20,320 (8) 2.6×10−3 2.8×10−3
Qβ–AZC(t60) 27,940 (11) 2.4×10−3 3.3×10−3
Qβ–AZC(t70) 25,400 (10) 3.0×10−3 4.1×10−3
a The viral populations analysed are described in Fig. 1 and inMaterials andmethods.
b The region sequenced is comprised between nucleotide positions 1460 and 4000.
The number of biological clones analysed for each population is shown in brackets.
c The calculation of the minimum and maximum mutation frequencies is described
in Materials and methods. The values obtained for the mutation frequencies in any of
the populations evolved in presence of AZC are signiﬁcantly higher than those obtained
for populations Qβ0 or Qβ–control(t60) (pb0.05, Student's t test for the difference of
means).
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(Thr210Ala in the replicase), G3945(A+G) (Gly531Ser in the replicase),
and the synonymous changes U1520(C+U) in the coat protein gene,
and U3989(C+U) in the replicase protein gene (Fig. 4). The only
mutation of thementioned ones reaching complete ﬁxation in presence
of AZC was A1746U, which was also the ﬁrst one to appear. This result
strongly suggests that substitution A1746U has selective value in the
presence of AZC, although its location in a protein not involved in
replication makes it difﬁcult to establish the molecular mechanism by
which this is achieved. The rest of substitutions did not reach ﬁxation
and remained polymorphic after 70 transfers in the presence of AZC.
However, the fact that they can be identiﬁed in the consensus sequence
of the AZC-adapted populations indicates that they are represented at
high frequency in the mutant spectrum, which also makes them
candidates to have selective value in the presence of AZC.
To assess whether some of the substitutions mentioned above are
repeatedly selected during the adaptation of bacteriophage Qβ to AZC
we carried out two additional independent transfer series, in which
the same initial population Qβ0 was subjected to 20 transfers in the
presence of either 20 or 40 μg/ml of AZC. The analysis of the consensus
sequences of the populations obtained at transfer number 20 showed
the presence as a polymorphism of the same substitution in the
readthrough protein, A1746(A+U) that had been previously identi-
ﬁed in the Qβ–AZC populations shown in Table 1, which reinforces
the selective value of this substitution in the presence of AZC.
Evolution during a large number of transfers in the presence of AZC leads
to a non-linear increase in the mutation frequency determined in viable
viruses
To evaluate the capacity of AZC to increase the number of mutations
in the virus genomes, we determined the minimum and maximum
mutation frequencies in biological clones isolated from several popula-
tions exposed to AZC [Qβ–AZC(t20), Qβ–AZC(t30), Qβ–AZC(t60), and
Qβ–AZC(t70)], and compared the values with those obtained for
populations Qβ0 and Qβ–control(t60) (Table 2). We found that all
populations evolved in the presence of AZC exhibit signiﬁcantly higher
mutation frequencies than the populations Qβ0 and Qβ–control(t60)
not exposed toAZC (pb0.05, Student's t test for thedifference ofmeans).
We also observed that whereas the mutation frequency increased
rapidly during the ﬁrst 20 transfers in the presence of AZC (compare the
values for populations Qβ0 and Qβ–AZC(t20) in Table 2), 50 additional
transfers in presence of higher mutagen concentrations increased this
parameter to a much lesser extent. A possible interpretation for these
results is the selection of a mechanism able to reduce the frequency of
errors during RNA replication in the presence of AZC. An alternativeMaturation/Lysis 
Readthrough 
’5 Coat 
A1746 U 
Thr134Ser 
U1520C+U 
1
Fig. 4. Location in the genomic map of bacteriophage Qβ of themutations whose selection is l
virus [lysis (from nt 61 to nt 1320), coat (from nt 1344 to nt 1742), readthrough (from nt 134
The stop codon of the coat protein gene is read as tryptophan with a probability of about 5%.
Substitutions U1520(C+U), A1746U, A2982(G+A), G3945(A+G), and U3989(C+U), were
whereas C3413(G+C) and U3582(C+U) were detected upon the analysis of the mutant sexplanation is that in populations evolved during a large number of
transfers in the presence of AZC the number of mutations per genome
reaches the maximal compatible with viability and, as a consequence,
negative selection eliminates the viruses containing a higher number of
mutations. Since these viruses cannot originate lytic plaques, theywould
not contribute to the calculation of the mutation frequency in biological
clones, giving rise to an apparent decrease in the capacity of AZC to
induce mutations in populations subjected to previous mutagenesis.
Some substitutions that remain polymorphic in the AZC-adapted populations
have selective value in the presence of AZC
The presence of several polymorphic mutations in the consensus
sequence of the populations with decreased sensitivity to AZC (Table 1
and Fig. 4) motivated us to search for additional substitutions that had
not been identiﬁed in the consensus sequence but were represented at
high frequency in the mutant spectrum. To this aim, we analysed the
genomic sequences of the same biological clones which had been used
to determine the mutation frequencies in populations Qβ–AZC(t60)
and Qβ–AZC(t70) (Table 2). Polymorphic mutations represented at
least in a 30% of the genomes analysed were U1520C (45%), A2982G
(45%), G3945A (45%), and U3989C (55%) in population Qβ–AZC(t60),
and U1520C (40%), A2982G (30%), C3413G (40%), U3582C (30%),
G3945A (40%), andU3989C (40%) in populationQβ–AZC(t70). All these
mutations are candidates to have beneﬁcial effects in the presence of
AZC. Some of them (U1520C, A2982G, G3945A, and U3989C) had beenReplicase ’3
G3945A+G 
Gly531Ser 
U3989C+U 
A2982G+A 
Thr210Ala 
Tyr410Hys 
C3413G+C 
7124
U3582C+U 
inked to the presence of AZC. Themap shows the genes for the 4 proteins encoded by the
4 to nt 2330), and replicase (from nt 2352 to nt 4118)], and the non-translated regions.
This leads to a C-terminally extended coat protein that is known as readthrough protein.
detected in the consensus sequence of the populations evolved in the presence of AZC,
pectra.
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(Table 1), whereas C3413G (synonymous) and U3582C (Tyr410Hys in
the replicase) were only detected upon the analysis of the mutant
spectra (the location of these mutations is also shown in Fig. 4). This
analysis also revealed that one of the most represented genotypes in
populations Qβ–AZC(t60) and Qβ–AZC(t70) was the one carrying
mutations U1520C, A1746U, A2187C, A2982G, G3945A, and U3989C.
SubstitutionsU1520CandA2982G, bothdetected at transfer number 50,
were always associated in the same genomes, which could indicate that
one of themhas not selective value and has reached high frequency due
to hitchhiking. We did not ﬁnd evidences of hitchhiking for the rest of
high frequency substitutions.
Since the putative beneﬁcial mutations in the presence of AZC were
selected in populations with a large history of transfers in presence of
the mutagen, it could happen that their adaptive advantages were only
manifested in highly mutated viruses. Hence, in a ﬁrst approach to
evaluate the selective value of these mutations, we analysed the
evolutionary behaviour of several viruses isolated from populations
evolved in the presence of AZC (virus clones CQβ–AZC(t40), CQβ–AZC(t60),
and CQβ–AZC(t70), the subscripts indicate the populations of origin) and
compared itwith that of a virusproceeding fromapopulation evolved in
the absence of AZC (virus clone CQβ–control(t60)). Virus clones CQβ–AZC(t40),
CQβ–AZC(t60), and CQβ–AZC(t70) contain different combinations of the
mutations represented at high frequency in the AZC-exposed popula-
tions, and differ in several additionalmutations that provide the genomic
context typical of the highlymutated populations fromwhich theywere
isolated (Table 3).We allowed these viruses to evolve during 10 transfers
either in the presence (60 μg/ml) or in the absence of AZC, and
determined the consensus sequence and the mutation frequency in the
viable viruses (biological clones) composing themutant spectrum of the
new populations generated (Fig. 5A). The analysis of the consensus
sequences showed that mutations A2982G (in virus clone CQβ–AZC(t60))
and U3582C (in virus clone CQβ–AZC(t70)), both located in the replicase
gene, revert in the absence of AZC, whereas they are maintained when
transfers are carried out in the presence of AZC. These were the only
changes observed in the consensus sequences of the populations
obtained at transfer number 10 relative to the genomic sequences of
the initial virus clones. The result, which was conﬁrmed in replicate
experiments, supports the selective value of substitutions A2982G and
U3582C. It is remarkable that these two substitutions were never found
together in the same genome among those isolated for the analysis of the
mutant spectrum of populations Qβ–AZC(t60) and Qβ–AZC(t70).
The determination of the mutation frequencies in the mutant
spectra shows that transferring the virus clone CQβ–control(t60) in the
presence of AZC gives rise to a population with signiﬁcantly higherTable 3
Mutational context of bacteriophage Qβ biological clones subjected to further evolution
in the presence or the absence of AZC.
Virus
clonea
Substitutionsb
CQ β–control
(t60)
G1773A, A2187C, G3002A, C3517U
CQ β–AZC(t40) A1746U, A1972G, U2153C, A2187C, C2378G, U2509C, A2598G,
U3371C, C3517U
CQ β–AZC(t60) U1520C, A1746U, U1793C, U1934C, C2059G, C2184G, A2187C,
A2948G, A2982G, U3590C,G3945A, U3989C
CQ β–AZC(t70) A1574G, A1746U, A1898G, U2060C, A2187C, U2425C, C2471G,
U2558C, U2776C, A2949G, C3158G, A3268G, U3314C, U3582C,
T3737C
a The subscript indicates the bacteriophage Qβ population from which each virus
clone was isolated.
b The region sequenced is comprised between nucleotide positions 1460 and 4000.
Substitutions shown in bold characters are those either ﬁxed in the consensus sequence
or represented at high frequency in themutant spectrum of the populations fromwhich
the virus clones were isolated.mutation frequency than the populations obtained from clones
CQ β–AZC(t40), CQβ–AZC(t60), or CQβ–AZC(t70), also transferred in the
presence of AZC (pb0.05, Student's t test for the difference of means,
Fig. 5B). Furthermore, the differences between the mutation frequency
values obtained in the presence and in the absence of AZC upon
evolution of the same virus clone are lower for clones isolated from the
AZC-exposed populations than for the virus clone CQβ–control(t60)
(Fig. 5B). The difference becomes negligible and statistically not
signiﬁcant in the case of clone CQβ–AZC(t60) (see p values in Fig. 5B).
Since the mutation frequency in the population generated from virus
clone CQβ–control(t60) in the absence of AZC does not differ signiﬁcantly
from the mutation frequency in the equivalent populations generated
from virus clones CQβ–AZC(t40), CQβ–AZC(t60), and CQβ–AZC(t70) (pN0.1,
Student's t test for the difference of means) the most probable
interpretation for the results is that the viruses isolated from AZC-
exposed populations present increased resistance to the accumulation
of additional mutations by the action of this mutagen than the viruses
isolated from populations not exposed to AZC. These results are in good
agreement with the dynamics followed by the mutation frequency
values in themutant spectrum of populations evolved during increased
number of transfers in the presence of AZC (Table 2).
Substitutions with selective value in the genomic context of mutagenized
viruses are also beneﬁcial in the genomic context of the wild type virus
To further probe the selective advantages of the polymorphic muta-
tions A2982G and U3582C,which reverted in the absence of AZC, and of
the substitution A1746U, which was the only ﬁxed in the presence of
AZC, we subjected to directed mutagenesis an infectious clone of
bacteriophage Qβ (pBRT7Qβ) (Barrera et al., 1993). In this way, we
obtained mutant viruses containing the indicated substitutions in the
genomic context of the wild type phage (QβA2982G, QβU3582C, and
QβA1746U, respectively). Competition experiments carried out bymixing
similar amounts of each site-directed mutant with a wild type virus
(Qβwt) generated upon expression of the non-mutated infectious clone
show that, after 5 transfers in the presence of 60 μg/ml of AZC, the
mutated viruseswere able to completely displace thewild virus (Fig. 6).
Contrasting with these results, in similar competition experiments
carried out in the absence of AZC the winner clones were always those
containing the wild type nucleotides. Determination of the consensus
sequences of the populations obtained at the end of the experiment
(from nucleotide 1460 to 4000) showed that no additional mutations
had been ﬁxed during the competition. These results, which were
conﬁrmed in replicate experiments, clearly demonstrate that sub-
stitutions A1746U, A2982G, and U3582C have a selective advantage
when replication takes place in the presence of AZCwhile the wild type
virus is better adapted to replicate in the absence ofAZC. In addition, this
experiment also shows thatmutationsA2982GandU3582C that remain
polymorphic in heterogeneous populations can reach ﬁxationwhen the
complexity of the mutant spectrum is reduced to two competing
viruses, being the wild type one of them. The disadvantages of sub-
stitutions A1746U,A2982G, andU3582C in the absence of AZCwere also
demonstrated by determining the virus yield in a single replication cycle
of each site-directed mutant and comparing it with that obtained for the
wild type virus (Fig. 7A). Virus clone QβA1746U produced the lowest titre
in this assay, which contrasts with the fact that this mutation, unlike
A2982G andU3582C, does not revert in the absence of AZC (see previous
section).
To testwhether anyof the substitutionsA1746U, A2982G, orU3582C,
when present in the context of thewild type virus, can render it resistant
to extinction in the presence of AZC, we subjected the virus clones Qβwt,
QβA2982G, QβA1746U, and QβU3582C to serial transfers under the
transmission regime previously shown to cause the extinction of a wild
type virus population (seeMaterials andmethods and Cases-González et
al., 2008). Whereas virus clone Qβwt was extinguished at transfer
number 9 or 10, virus clones QβA2982G, QβA1746U, and QβU3582C still
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Fig. 5. Evolution of virus clones CQ β–control(t60), CQ β–AZC(t40), CQ β–AZC(t60), and CQ β–AZC(t70). (A) Scheme showing the experimental procedure. The ﬁrst transfer was carried out by
infecting ~109 bacteria in a volume of 10 ml with 105pfu of each virus clone, either in the presence or in the absence of AZC. Infections at subsequent transfers were performed using
1 ml of the supernatant obtained at the previous transfer. The origin of the virus clones and their genomic sequences are described in Table 3 and in the main text (fourth section of
Results). (B) Maximummutation frequency of the populations generated at transfer number 10. Between 8 and 10 biological clones were isolated from each evolved population and
their genomic sequences (from nucleotide 1460 to nucleotide 4000) were determined to calculate the mutation frequency in the presence of AZC (white bars) and in the absence of
AZC (black bars). The p value indicates the statistical signiﬁcance (Student's t test) for the difference of means between the mutation frequencies of populations obtained upon
transferring the same virus in the presence and in the absence of AZC.
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that the virus titres obtained in a similar experiment carried out with
populations Qβ–AZC(t60) and Qβ–AZC(t70) were much higher than
those obtained for the site-directed mutants (compare Figs. 3B and 7B)
indicates that the level of resistance provided by these mutations is
higherwhen they are present in a complexpopulation containing several
beneﬁcial mutations than when they are present as single mutations in
clonal populations. To further explore this possibility,we subjected to the
same transmission regime two double mutants, Qβ(A1746U+A2982G) and
Qβ(A1746U+U3582C), obtained through directedmutagenesis of the single
mutant QβA1746U. The results showed an increase of the virus titres
obtained at transfer number 10 relative to the virus titres obtained with
the single mutant viruses (Fig. 7B).
Discussion
The recent ﬁndings showing that RNA viruses can use different
strategies to reduce the negative consequences of the increase of the
error rate (Agudo et al., 2010; Arias et al., 2008; Pfeiffer and
Kirkegaard, 2003; Sanjuán et al., 2007; Sierra et al., 2007) make it
highly relevant to study how beneﬁcial mutations are selected under
mutagenic conditions. This issue has been addressed in the present
study through the characterization of bacteriophage Qβ populations
evolved in the presence of the mutagen AZC. The conditions used in
our experiments (large population size and progressively increased
AZC concentrations) led to the generation of virus populations with
increased capacity to generate progeny in the presence of a high AZC
concentration (Fig. 3A) and increased resistance to extinction when
they were transferred in the presence of AZC (Fig. 3B). The AZC-
exposed populations were composed by viruses with lower replica-
tive ability than those evolved at the standard error rate of the virus
(Fig. 2B), which suggests that the increase in the number of mutations
produced by the mutagen could extinguish the virus upon a largernumber of transfers if adaptive mechanisms had not been selected. In
addition, some of themutations responsible for the decreased sensitivity
to AZC could have a cost in absence of themutagen, as it is demonstrated
by the results shown in Fig. 7A, thus contributing to the observed
reductions in the replicative ability.
The analysis of the consensus sequence and the mutant spectrum
of the populations evolved in the presence of AZC shows the ﬁxation
of substitutions A1746U and A2187C, and the presence of several
polymorphisms (U1520C+U, A2982G+A, U3582U+C, G3945A+G,
and U3989C+U; see Fig. 4). Substitution A2187C (Ser281Arg in the
readthrough protein), which was also ﬁxed in the population evolved
in the absence of AZC (Table 1) has been frequently detected in our
laboratory when the bacteriophage Qβ is transferred in the absence of
viral inhibitory agents. Hence, this mutation seems to have an overall
beneﬁcial effect in the replicative ability of the virus. This result is
important to show that high error rates do not prevent the ﬁxation of
beneﬁcial mutations that do not confer mutagen speciﬁc adaptation, a
result previously shown in experiments carried out with phage T7
(Springman et al., 2010). Substitution A1746U, which leads to
substitution Thr134Ser in the readthrough protein, was the ﬁrst
mutation linked to the presence of AZC that appeared, and the only one
that reached ﬁxation. That A1746U has selective value is reinforced by
the fact that the samemutationwas selected in two other independent
populations transferred in the presence of AZC (see the second section
of Results), and also by the outcome of competition experiments
where a virus clone with this single substitution displaced the wild
type virus in the presence of AZC (Fig. 6). It is not easy to establish a
mechanismbywhich thismutation, placed in a protein not known to be
involved in replication, is selected in the presence of AZC. A possible
explanation could be that the readthrough proteinmight be involved in
replicative functions in a way that substitution A1746U promotes
increased ﬁdelity of RNA replication, similarly as mutations in the gene
NS5A of the hepatitis C replicon are hypothesised to induce ribavirin
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Qβwt + QβA2982G Qβwt + QβU3582C
U
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Fig. 6. Competition between bacteriophage Qβwt and site-directedmutants. In all cases, the initial populations correspond to a 1:1mixture of the virus clones indicated (104pfu from
each of them) which were used to infect 109 bacteria in a ﬁnal volume of 10 ml. Evolution through serial transfers took place either in the presence (60 μg/ml) or the absence of AZC.
Each new transfer was initiated with 1 ml of the previous supernatant. The dominant virus at the end of the ﬁfth transfer was identiﬁed by determining the consensus sequences of
the populations obtained (from nucleotide 1460 to 4000). The sequence around the nucleotide position distinguishing the competing viruses is shown in the ﬁgure. All competitions
were carried out in duplicate.
349M. Arribas et al. / Virology 417 (2011) 343–352resistance (Pfeiffer and Kirkegaard, 2005b). An alternative is that AZC
inducesmetabolic changes in the bacterial host such that viruses having
a modiﬁed readthrough protein could be better adapted to replicate in
the new intracellular medium.
Some of the substitutions that remain polymorphic also have
selective value in the presence of AZC, as it is demonstrated by the
reversion of A2982G and U3582C in virus clones transferred in the
absence of AZC. Moreover, site-directed mutants containing these
substitutions dominate in competition experiments with the wild
type virus in the presence of AZC (Fig. 6) and present increased
resistance to extinction (Fig. 7B). However, the fact that the
populations Qβ–AZC(t60) and Qβ–AZC(t70) present higher tolerance
to AZC than any of the single mutants assayed (compare Figs. 3B and
7B) suggests that complex populations, containing several beneﬁcial
mutations either in the same or in different genomes, are better
adapted to replicate in the presence of AZC than clonal populations
containing single beneﬁcial mutations. This hypothesis was reinforced
by the results showing that the double mutants Qβ(A1746U+A2982G)
and Qβ(A1746U+U3582C) render higher titres after 10 transfers in the
presence of a high AZC concentration than any of the single mutants
assayed (Fig. 7B). Furthermore, in addition to substitutions A2982G
and U3582C, populations Qβ–AZC(t60) and Qβ–AZC(t70) contain
other mutations which are also represented at high frequency (see
Fig. 4). They could also be beneﬁcial, contributing to the enhanced
resistance to extinction in heterogeneous populations. We can neither
rule out that the two small genomic regions whose sequence has not
been determined (190 nucleotides at the 5′ end and 37 nucleotides at
the 3′ end) contain some additional mutation that increases the
resistance to AZC in populations Qβ–AZC(t60) and Qβ–AZC(t70).
Substitutions A2982G and U3582C produce amino acids changes
(Thr210Ala and Tyr410Hys respectively) in the central domain of the
β subunit of the Qβ replicase. This region is highly conserved amongreplicases corresponding to representatives of the four groups of RNA
bacteriophages (Qβ, SP, GA, and MS2), and seems to be involved in the
catalytic activity of the enzyme (Mills et al., 1989). Thr210 is less
conserved than Tyr410, as it is only present in Qβ, SP, andMS2,whereas
Tyr410 is conserved in the four bacteriophages. The determination of
the crystal structure of theQβ replicase (Kidmose et al., 2010; Takeshita
and Tomita, 2010) shows that Thr210 is located in a structurally
conserved subdomain of the ﬁngers domain that contains secondary
structure elements with a connectivity found in other RNA-dependent
RNA polymerases (Kidmose et al., 2010). Similarly, substitution
Gly64Ser, responsible for the resistance to RNAmutagens in poliovirus,
is also located in a region of the ﬁngers domain that in the active formof
the polymerase is connected to the catalytic domain (Arnold et al.,
2005). The other replicase substitution analysed, Tyr 410, is located in
the thumb domain of the Qβ replicase and would hydrogen-bond with
the phosphate backbone of the 3′-terminal nucleotide of the nascent
RNA (Takeshita and Tomita, 2010). This interaction relocates the 3′
hydroxyl group of the acceptor nucleoside into the catalytic site,
allowing the nucleotidyl transfer reaction to occur. In the same way,
resistance to ribavirin in foot-and-mouth disease virus, caused by
substitution Met296Ile, is also mediated by interactions with one of the
nucleotides involved in the formation of the internucleotide bond, in this
case the incomingnucleotide (Arias et al., 2008). Theseﬁndings, together
with the results showing a decreased accumulation of mutations in the
presence of AZC in populations containing substitutions Thr210Ala and/
or Tyr410Hys (Table 2 and Fig. 5B), make them good candidates to
produce a modiﬁed polymerase with increased ability to resist the
mutagenic pressure caused byAZC. AZC-resistance could bemediated by
a non-speciﬁc ﬁdelity increase, as it happens in the RNA mutagen-
resistant mutants isolated in poliovirus (Pfeiffer and Kirkegaard, 2003)
and in Coxsackie virus (Levi et al., 2010), or by an enhanced ability to
discriminate between the correct nucleotide and themutagenic analogue,
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disease virus (Arias et al., 2008). Recently, the identiﬁcation of a new
mechanism causing ribavirin resistance in foot-and-mouth disease
virus, which is based on the modulation of the pairing behaviour of
ribavirin (Agudo et al., 2010), shows that mutagen resistance can be
attained through a wider variety of pathways than initially considered.
The large number of transfers experienced by the Qβ–AZC populations
also could have allowed the selection of a resistance mechanism based
on increased genetic robustness (Sanjuán et al., 2007).We are currently
carrying out further experiments with the site-directed mutants to
determine the precise molecular mechanisms responsible for the
resistance to AZC in the bacteriophage Qβ.
There seems to be a contradiction between the selective value of
several of the mutations represented at high frequency in the AZC-
adapted populations and the fact that they do not reach ﬁxation. A
possible explanation could be that the long exposure to the mutagen
and the large population sizes used in our experiments lead to the
generation of highly complex mutant spectra where genomes carrying
different combinations of beneﬁcial and deleterious mutations coexist
and compete among them to reach ﬁxation. Competition in these
conditions is a complex process due to the diversity of cooperative and
interfering interactions that can be established and that can modify the
selective value of the potentially beneﬁcial mutations. Our results
showing that the replicase substitutions Thr210Ala (A2982G) and
Tyr410Hys (U3582C), which remain polymorphic in complex popula-
tions, dominate in competition experiments in which the complexity of
the population has been reduced to amixture of two genomes (the site-
directed mutant and the wild type, see Fig. 6) agree with an interfering1,E+00
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Fig. 7. Virus titres produced by bacteriophage Qβ virus clones (wild type and site-
directed mutants). A) Titres in a single replication cycle assay. The experiment was
carried out in triplicate as described in Materials and methods. B) Titres after 10
transfers in the presence of AZC under conditions that cause the extinction of the wild
virus. The experiment was performed as indicated in the legend to Fig. 3B. In all cases
virus titres in the absence of AZC were around 1011pfu/ml (data not shown).effect of the mutant spectrum in the ﬁxation of beneﬁcial mutations in
complex populations. Evidences of this type of interactions were
previously suggested in experiments carried out with poliovirus,
which demonstrated that the growth, in the presence of a drug, of
drug-resistant viruses could be suppressed by inhibitor-sensitive viruses
(Crowder and Kirkegaard, 2005), and also by experiments made with
vesicular stomatitis virus and foot-and-mouth disease virus that showed
that the selective value of somemutationswas dependent on the degree
of complementation among the genomes composing the mutant
spectrum (Novella et al., 2004; Sevilla et al., 1998). Delays in theﬁxation
of beneﬁcial mutations could also be due to clonal interference among
genomes carrying different beneﬁcial mutations. The fact that the
replicase substitutions Thr210Ala (A2982G) and Tyr410Hys (U3582C),
were never found together in the same genome suggests that both
mutations compete for ﬁxation, which can facilitate their presence as
polymorphisms during a large number of generations. An important
conclusion that arises from these results is that the reduction of the
complexity of the mutant spectrum that takes place when viruses
experience population bottlenecks could enhance the capacity to select
mutagen-resistant mutants.
For future experiments we have in mind to compare the level of
AZC resistance and the genetic changes experienced in several
lineages of bacteriophage Qβ evolving under different transmission
regimes in the presence of AZC. In this way we will be able to know
whether substitutions identiﬁed in this work are repeatedly selected
or not when bacteriophage Qβ is exposed to AZC. The detailed study
of the conditions that favour the selection and ﬁxation of beneﬁcial
mutations at increased error rate is also of great relevance to better
understand how to avoid the emergence of mutagen-resistant
mutants, which constitutes one of the main concerns to apply lethal
mutagenesis as an effective antiviral strategy.
Conclusions
Evolution of bacteriophage Qβ at progressively increased AZC con-
centrations leads to the selection of an adapted population that ﬁxes the
substitution A1746U (Thr134Ser) in the readthrough protein gene and
presents several polymorphisms in the replicase gene. Resistance seems
to be associated to a decrease in the incorporation of new mutations in
the presence of AZC, although the production of amodiﬁed readthrough
protein suggests that additional mechanisms could also be involved.
Polymorphic mutations have selective value in the presence of AZC and
reach ﬁxation when the complexity of the population is reduced, sug-
gesting that interactions among genomes within the mutant spectrum
generated at higher-than-standard error rates interferewith the ﬁxation
of beneﬁcial mutations.
Materials and methods
Viruses and bacteria. Standard procedures for infection
Bacteriophage Qβ was routinely propagated by infecting log-phase
cultures of Escherichia coli, strain Hfr (Hayes) in NB medium (2 g/l
Nutrient Broth fromMerck and 1.25 g/l NaCl). The virus was adapted to
replication in liquid culture medium in our laboratory as described
(Cases-González et al., 2008). The phage population obtained in this
way (population Qβ0) was used to initiate the serial transfers described
in this work.
Infections in liquid medium were always carried out using fresh
exponential phase E. coli cultures (with an optical density at 550 nm
between 0.6 and 0.8) that were infected with the virus at the
multiplicity of infection (moi) indicated in each experiment. After 2 h
of incubation at 37 ºC with good aeration, cultures were treated with
1/20 vol of chloroform for 30 min at room temperature with shaking
(300 rpm). Virus supernatants were harvested upon centrifugation at
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than 15 days) or at −80 ºC for long-term storage.
Virus titreswere determined by plaque assay thatwas carried out by
mixing 300 μl of exponential phase bacteria with 100 μl of the phage
suspension in 3.5 ml of melted top agar, which was poured onto Petri
dishes containing a bottom agar layer. The phage concentration was
adjusted to obtain a number of lytic plaques between 20 and 40, to
ensure that each plaque resulted from replication of a single virus
particle. Titres were expressed as the number of plaque forming units
(pfu) per ml of the phage suspension in the case of virus supernatants,
and as pfu per plaque in the case of lytic plaques.
When indicated, virus populations were used to obtain biological
clones that correspond to lytic plaques obtained in semisolid agar.
Virus clones were isolated by punching and removing the top and the
bottom agar around well-separated lytic plaques. The agar containing
the lytic plaque was transferred into an eppendorf tube with 1 ml of
phage buffer (0.25 g/l gelatine, 0.05 M Tris–HCl, pH 7.5, and 0.01 M
MgCl2) and 50 μl of chloroform and incubated for 1 h at 28 ºC with
shaking (300 rpm). After centrifugation at 13,000×g for 15 min to
clarify the supernatant, the latter was stored over 50 μl of chloroform.
Serial transfers of bacteriophage Qβ
The population Qβ0 (see previous section) was used to infect two
parallel cultures of E. coli in exponential phase (~109 bacteria) at an
initial moi=1 pfu/cell in a volume of 10 ml either in the absence of AZC
(populationQβ–control) or in the presenceof a gradually increasedAZC
concentration (population Qβ–AZC) (Fig. 1). After 2 h of incubation at
37° with good aeration, the virus supernatants were clariﬁed upon
treatment with 0.5 ml of chloroform, collected by centrifugation, and
1 ml of each phage suspension was used to infect a fresh E. coli culture.
This procedure was repeated for a total of 70 transfers in both the
control population and in the AZC exposed population. Virus popula-
tions were isolated throughout the transfer series and the number of
transfers experienced by each of themwas indicated in brackets beside
the name of the population.
Determination of the resistance to extinction
The resistance to extinction of bacteriophage Qβ populations and
clones was determined using the transfer conditions that were
previously shown to extinguish a wild type bacteriophage Qβ pop-
ulation (Cases-González et al., 2008). Theﬁrst transferwas carriedout by
infecting 108 bacteria in a volume of 1 mlwith 106pfu in the presence of
80 μg/ml of AZC. Infections were allowed to proceed as described to
obtain virus supernatants that were used (100 μl of each) for the
subsequent transfers in the presence of AZC (80 μg/ml). Parallel
infections in the absence of AZC were also carried out as a control.
Determination of virus yield in a single replication cycle
Exponential phase E. coli cultures containing 104 bacteria were
infected with 5×104pfu of the virus clones indicated in each
experiment in a volume of 1 ml. The high moi used ensures that all
the bacteria are infected by the initial input of virus, avoiding
successive rounds of infection. After 2 h of incubation at 37 ºC with
good aeration, cultures were treated with 1/20 vol of chloroform for
30 min at room temperature with shaking (300 rpm). Virus superna-
tants were harvested upon centrifugation at 13,000×g for 15 min and
titrated.
RNA extraction, cDNA synthesis, PCR ampliﬁcation and nucleotide
sequencing
Virus RNA was prepared from both complex populations, to deter-
mine the consensus sequence, and biological clones, to determineindividual virus sequences. RNAwas extractedby treatmentof thephage
suspensionwith 1/10 vol 10% SDS, 1/10 vol 50%β-mercaptoethanol, and
1 μl of RNasine during 20 min at room temperature with low shaking.
After 5 min in ice, the sample was extracted with cold water-saturated
phenol and the upper phase was precipitated with ethanol following
standard procedures. RNA samples were resuspended in RNase-free
water and stored at−80 ºC.
RNAswere ampliﬁed byRT-PCR usingAvianMyeloblastosis Virus RT
(Promega) and Expand High Fidelity DNA polymerase (Roche). The
cDNAs were puriﬁed with a Wizard puriﬁcation kit (Promega) and
subjected to cycle sequencing with Big Dye Chemistry (Applied
Biosystems; Perkin Elmer). The products were analysed with an
automated sequencer (Applied Biosystems; Perkin-Elmer). The follow-
ing pairs of oligonucleotide primers were used for RT-PCR: P1 forward
(5′CGAATCTTCCGACACGCATCC3′) with P1 reverse (5′AAACGGTAA-
CACTTCTCCAG3′) to amplify from nucleotide position 148 to 1497; P2
forward (5′CTCAATCCGCGTGGGGTAAATCC3′) with P2 reverse (5′
CAGAAAATCGGCAGTGACGCAACA3′) to amplify from nucleotide
position 1407 to 2817; P3 forward (5′-CCGATGGCGTGATAGTTG3′)
with P3 reverse (5′-TCGTGCCCTGGAAGAGG-3′) to amplify from
nucleotide position 2243 to 4095; and P4 forward (5′GCGGCAAG-
CACTACTATTCT3′) with P4 reverse (5′GATCCCCCTCTCACTCGT3′) to
amplify from nucleotide position 3541 to 4195. Sequences were
aligned with the consensus sequence of wt phage with Clustal W.
Mutations relative to the consensus sequence were identiﬁed using the
programme BioEdit.Characterization of the mutant spectrum
The complexity of mutant spectra was quantiﬁed through the
minimum and maximum mutation frequencies in biological clones
isolated from the populations indicated in the text. Minimum
mutation frequency is the number of different mutations present in
the clones analysed divided by the total number of nucleotides
sequenced, and maximum mutation frequency is expressed as the
total number of mutations divided by the total number of nucleotides
sequenced. Mutations represent nucleotide changes relative to the
consensus sequence of the population from which biological clones
were isolated.Preparation of virus clones through directed mutagenesis of an expression
vector of bacteriophage Qβ
The plasmid pBRT7Qβ, which contains the cDNA of the bacterio-
phage Qβ cloned in the plasmid pBR322 (Barrera et al., 1993) was used
to express thewild type virus andalsomutant viruses containingspeciﬁc
substitutions in the genomic context of thewild type virus.Mutagenesis
was carried out using a QuickChange II Site-Directed Mutagenesis Kit
from Stratagene. Primers 5′GAACCCAGCGTATTGATCACTGCT-
CATTGCCGG3′, 5′GCCCTTTTAATAAAGCAGTTGCTGTACCTAAGAACAG-
TAAGAC3′, 5′CGTAGATGTTACTCCCTTTCACATACGTCACCGTATAG3′,
and their complementary were used to introduce the substitutions
A1746U, A2982G, and U3582C respectively. Mutant and wild-type
plasmids were used to transform E. coli DH5-α. After overnight
incubation in Petri dishes containing 100 μg/ml of ampicillin, several
positive colonies were screened to conﬁrm the presence of the desired
mutations. In the cases where the sequence was the expected one, we
prepared liquid medium cultures, and the supernatants were used to
infect a lawn of E. coli Hfr in semisolid agar. Several lytic plaques were
isolated for each culture, and the viruses contained on them were
extracted to prepare virus RNA that was sequenced. Each of the
experiments carried out with viruses obtained upon expression of the
wild-type ormutagenized infectious clone pBRT7Q βwas initiatedwith
a single lytic plaque whose sequence had been previously analysed.
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